We study a neutrino model introducing an additional nontrivial gauged lepton symmetry where the neutrino masses are induced at two-loop level while the first and second charged-leptons of the standard model are done at one-loop level. As a result of model structure, we can predict one massless active neutrino, and there is a dark matter candidate. Then we discuss neutrino mass matrix, muon anomalous magnetic moment, lepton flavor violations, oblique parameters, and relic density of dark matter taking into account the experimental constraints. * Electronic address: nomura@kias.re.kr † Electronic address: macokada3hiroshi@cts.nthu.edu.tw
I. INTRODUCTION
A flavor dependent gauge model often plays an important role in explaining flavor specific measurements such as deviation from the standard model (SM) in semileptonic B decay process B → K ( * ) µ + µ − which is reported by LHCb [1, 2] , lepton flavor violations (LFVs) such as µ → eγ process [3] , and muon anomalous magnetic moment(∆a µ ) at Brookhaven National Laboratory [4] . Along thought of these ideas, the ref. [5] has established a flavor dependent model with a larger gauge group, and a smaller group such as U(1) flavor dependent model can be found as a result of partially breaking the symmetry.
In particular, it is interesting to consider active neutrino mass matrix with a lepton specific flavor dependent gauge symmetry U(1) L in the ref. [5] . The active neutrino masses are not allowed at the tree level and it should be related to the U(1) L gauge symmetry breaking.
Then a radiative seesaw scenario is an attractive candidate to generate the mass, which can be achieved introducing some exotic particles. Furthermore we expect predictability in the active neutrino mass due to restriction from the gauge symmetry.
In this paper, we construct a neutrino model based on the lepton flavor symmetry U(1) L , where the neutrino mass can be induced at two-loop level . We first discuss the case of general charge assignment and the conditions to cancel gauge anomalies. Then phenomenological analysis is carried out by fixing the charge assignment for our particle contents. As a result we predict one massless active neutrino, and discuss a dark matter candidate calculating relic density. In addition, we discuss lepton flavor violations (LFVs) and muon g − 2 in the model. This paper is organized as follows. In Sec. II, we show the mechanism of anomaly cancellations, review our model setup, formulate the Higgs sector, fermion sector including active neutrinos, muon anomalous magnetic moment, lepton flavor violations, and phenomenologies of a dark matter candidate where we show the allowed region of DM mass to satisfy the relic density without conflict of direct detection bound. In Sec. III, we have globally numerical analysis, and investigate the allowed region to satisfy all the data that we will discuss. Finally we devote Sec. IV to conclusion. 
, where E 3 is vector-like singly charged fermion, a(= 1 − 2) is flavor indices, and x a is nonzero arbitral charge.
II. MODEL SETUP AND PHENOMENOLOGIES
Here we construct our model with U(1) L symmetry and carry out phenomenological analysis. In fermion sector, we introduce three exotic singly-charged fermions with different U(1) L charges; E La and E Ra (a = 1, 2) respectively have 1 2 and x a , while E 3 , which is a vector-like fermion, has −x 1 − x 2 . Notice here that the charge of E 3 is arbitrary in general, but x a are determined by several anomaly cancellations as discussed below. In boson sector, we introduce three isospin singlet bosons with nonzero VEVs, and ϕ 1 and ϕ a (a = 1, 2)
respectively have 1 and
−x a . In addition, we introduce a singly charged boson h ± , a doubly charged boson k ±± , and an isospin singlet(doublet) inert boson s(η), and each of them has
, −1, and 0. H is identified as the SM-like Higgs. Furthermore, we impose Z 2 odd for new fields except ϕ 1,a and k ±± in order to forbid the mixing between the SM fermions and exotic one and assure the stability of DM candidate; neutral component of η. Thus neutrino masses are induced at two-loop level as shown below. These particle contents and its charge assignments are summarized in Table I .
Anomaly cancellation: We explore conditions of anomaly cancellations under the
zero under these symmetries. Thus one should consider three types of triangle anomalies including all the families as follows:
Therefore one finds the following two conditions:
One finds several simple solutions such as (x 1 , x 2 ) = (0, 1), (1, 0) that respectively correspond to µ − τ and e − τ symmetry for lepton doublets.
Fixing charge assignments: Here we fix to be x 1 = 0 and x 2 = 1 for simplicity. In this case, one can simply define ϕ a ≡ ϕ 0 with U(1) L charge of 1 2 . Under these symmetries in table I, the renormalizable Lagrangian in the lepton sector and Higgs potential are respectively given by
where α runs over 1 to 3, and (a, b) run over 1 to 2,H ≡ (iσ 2 )H * with σ 2 being the second Pauli matrix. The first term gives the masses for the SM charged-leptons, and f, g L/R as well as µ khh and λ 0 contribute to the structure of neutrino masses. µ ϕ forbids the massless goldstone boson (GB) arising from ϕ 0,1 . On the other hand g ab does not contribute to the neutrino masses and g R 12 itself cannot reproduce the experimental results for neutrinos.
Thus we just neglect these terms in our analysis.
Next we formulate the scalar sector, in which we parameterize as follows:
where w + , and two massless eigenstates among z, and z
are absorbed by the SM and U(1) L gauge bosons W + , Z, and Z ′ . Inserting tadpole conditions, the CP even mass matrix in basis of (h, σ 0 , σ 1 ) can be formulated by
], where h 1 is the SM Higgs and O R is three by three orthogonal mixing matrix. On the other hand the inert boson mass matrix in basis of (η 0 , s 0 ) is formulated by UM
, where U is two by two orthogonal matrix. Then one can parametrize the relation between flavor and mass eigenstate as [22] 
where sin β is proportional to µv, and we expect to be sin β << 1 in our analysis below.
On the other hand the singly charged boson mass matrix in basis of (η
], where O ± is two by two orthogonal matrix. 
where sin θ is proportional to λ 0 vv
Since the Z ′ couples to electrons the mass and gauge coupling are constrained by the LEP data. Here we simply assume the mass is around TeV scale and the value of g ′ satisfies the constraints. Note that Z ′ does not contribute to neutrino mass generation and our DM candidate has no direct interaction with the Z ′ since η does not have U(1) L charge. Thus we will not discuss Z ′ physics in our analysis.
Exotic charged-fermion masses: After the symmetry breaking, the exotic charged fermion mass matrix in Eq.(II.7) can be given in the basis [E 1 , E 2 , E 3 ] T as follows: where we have assumed M E to be a real symmetric matrix for simplicity and define M 11 ≡
where M e,µ,τ is the mass eigenstate.
SM charged-fermion masses: Since the first and second charged-leptons are not induced at the tree level, but done at the one-loop level in fig. 1 . In order to formulate these masses, let us write down the relevant Lagrangian to the SM charged-leptons in the mass eigenbasis 15) where m ℓ 33 ≡ y ℓ 3 v/ √ 2. Then the mass matrix for the charged-leptons can be induced as follows [36, 45, 46] : (m ℓ ) ab is generally diagonalized by bi-unitary matrices as 
Thus the observed lepton mixing arises from the neutrino part only.
Active neutrinos: First of all, let us write down the relevant Lagrangian to the neutrinos in the mass eigenbasis as
where g L is the rank two matrix. Then the neutrino mass matrix is induced at the two-loop level in fig. 2 , which is given by [22] (
where r
we also formulate the experimental neutrino mass matrix as m where η ≡ η R ≃ η I and sin β << 1. Then our ∆a µ is induced by interaction with F coupling as explained above, and its form is computed as In addition, Z ′ gauge boson can contribute to ∆a µ and its form is approximately given by Lepton flavor violations (LFVs): LFV processes of ℓ → ℓ ′ γ are given by the same term as the (g − 2) µ , and their forms are given by
where α em ≈ 1/137 is the fine-structure constant, G F ≈ 1.17 × 10 −5 GeV −2 is the Fermi constant, and C 21 ≈ 1, C 31 ≈ 0.1784, C 32 ≈ 0.1736. Experimental upper bounds are given by [3, 51] :
where we define ℓ 1 ≡ e, ℓ 2 ≡ µ, and ℓ 3 ≡ τ .
Oblique parameter: Since we have an isospin doublet boson η, we have to consider the oblique parameter known as ∆S and ∆T [52] . In our case, one finds the following relations: This region is in favor of getting sizable muon g − 2, and well testable in the direct detection constraint such as LUX experiment [55] because it provides the most severe bound at around 
In our estimation, however, this cross section reaches 10 −10 [GeV] −2 at most, which is smaller than the cross section required to give right relic density by one order of magnitude. Thus we have to rely on Higgs portal interaction mode, and its dimensionless cross section W is found to be Here we apply the following formula to get the relic density of DM given by [57] ;
where g * (x f ≈ 25) is the degrees of freedom for relativistic particles at temperature
where M P ≈ 1.22 × 10 19 GeV is the Planck mass, g * ≈ 100 is the total number of effective relativistic degrees of freedom at the time of freeze-out, and x f ≈ 25 is defined by M X /T f at the freeze out temperature (T f ). Then one has to satisfy the the current relic density of DM; Ωh 2 ≈ 0.12 [59] . In fig. 3 where the upper bound of the DM mass; 62.5 GeV, arises from the pole mass of the half SM Higgs.
III. NUMERICAL ANALYSIS
In this section, we show a global analysis. Before the numerical analysis, we work on
. Then we directly solve the couplings κ 1,2 and g L 1,2 by using the relations |V ℓ R m ℓ V † ℓ L | 11 (22) = |m e(µ) | and
ν ) 11(22) , respectively, where we impose the perturbative bounds on these 
. 4 Now we randomly select the following range of reduced input parameters as
where the lower mass range for m H ± 2
arises from the bound from LEP data [60] , while the upper bound from the oblique parameters, and we impose all the constraints as discussed above.
In Fig. 4 , we show the scattering allowed plots in terms of muon g − 2 and m S . It suggests that the typical value of muon g − 2 is of the order 10 −12 that is smaller than the experimental value by three order magnitude.
In Fig. 5 , we demonstrate the couplings of κ 1 − κ 2 in the left-figure, and g L 1 − g L 2 in the right-figure. The left one implies 2 κ 1 requires rather large coupling, whereas κ 2 is of the order 0.001, and each of them has a weak correlation. While the right one suggests both of couplings run −2.5 ∼ −0.3 with degeneracy to some extent.
IV. CONCLUSION
We have constructed radiative neutrino mass model based on a gauged lepton flavor symmetry U(1) L . The condition to cancel gauge anomalies is discussed by introducing some 
